Given the geographical complexity of the Andes, species distributions hold interesting information regarding the history of isolation and gene flow across geographic barriers and ecological gradients. Moreover, current threats to the region's enormous plant diversity pose an additional challenge to the understanding of these patterns. We explored the geographic structure of genetic diversity within the Ceroxylon quindiuense species complex (wax palms) at a regional scale, using a model-based approach to disentangle the historical mechanisms by which these species have dispersed over a range encompassing 17° of latitude in the tropical Andes. A total of 10 microsatellite loci were cross-amplified in 8 populations of the 3 species comprising the C. quindiuense complex. Analyses performed include estimates of molecular diversity and genetic structure, testing for genetic bottlenecks and an evaluation of the colonization scenario under approximate Bayesian computation. We showed that there was a geographical diversity gradient reflecting the orogenetic pattern of the northern Andes and its end at the cordilleras facing the Caribbean Sea. A general pattern of diversity suggests that the cordilleras of Colombia have served as historical recipients of gene flow occurring only scantly along the northern Andes. We provided evidence of important isolation between the largest populations of this complex, suggesting that both historical constraints to dispersal but also current anthropogenic effects might explain the high levels of population structuring. We provide a list of advisable measures for conservation stakeholders.
hotspot. How the species attain wide distributions in midst of habitat discontinuity is yet unknown.
Three closely related wax palm species form a clade (Sanín et al. 2016) ; C. quindiuense, Ceroxylon ventricosum, and Ceroxylon ceriferum. They grow allopatrically in areas of the Tropical Andes from 6°S to 11°N, under mean annual temperatures of 10-21 °C and mean annual precipitations of 900-2700 mm, at 2400-3150 m of elevation (Sanín and Galeano 2011) . Moreover, C. quindiuense has a disjoint distribution with populations in Colombia and in northern Peru, while C. ventricosum fills the gap in Ecuador. At the northern tip of the distribution of C. quindiuense, in the Caribbean cordilleras, C. quindiuense is replaced by C. ceriferum. In all 3 species, populations are confined to specific areas and distant from each other. Ceroxylon ceriferum has very few known populations (two that were known at the time of sampling), C. ventricosum is more widely distribtuted in Ecuador but with few proper populations, and finally C. quindiuense is both widely distributed and with numerous, geographically isolated populations scattered mainly throughout Colombia.
Wax palms face critical conservation issues (Galeano and Bernal 2005; Sanín and Galeano 2011) , and the 3 species here studied are not an exception. These are endangered (EN) at the country level in Colombia, Ecuadaor and Venezuela (Llamozas et al. 2003; Galeano and Bernal 2005; Montufar 2000 in Valencia et al. 2000 , largely ascribed to habitat reduction caused by deforestation. Populations are often found in highly fragmented and deforested contexts, and ecological population structure is often seen altered Sanín et al. 2013) .
In this biogeographical and conservation context, the objectives of this study are to disentangle the historical mechanisms by which these 3 species conforming a clade have dispersed over 17° of latitude in the Tropical Andes, and to elucidate the regions that harbor the highest genetic diversity at present. If taxa have used the tropical Andes as a corridor for a northwards colonization under a colonization through range expansion and founding effects, then we would 1) expect to see populations diverge from the south northwards, and 2) we would expect diversity to be lost in the process (i.e., populations in the north to be less diverse than populations in the south). We addressed these hypotheses by: 1) specifically testing for population divergence histories reflecting different colonization scenarios under approximate Bayesian computation (ABC); and 2) by comparing standard molecular diversity statistics and population structure throughout the whole latitudinal range. In view of the serious conservation threats that these species face, we discuss 1 and 2 in terms of providing tools for the establishment of conservation priorities.
Methods

Laboratory Procedures
Sampling was carried out in 8 populations of the 3 species encompassing 4 South American countries, and 17 degrees of latitude ( Figure 1 , Table 1 ). All samples that were effectively used for amplification are listed in Table 1 , along with their species, locality, and age class. Adults were fruiting or flowering individuals, whereas seedlings were individuals bearing 1 or 2 entire leaves (eophylls). Leaf tissues from seedlings were conserved in silica gel, whereas root tissues from adults were conserved in 99% isopropyl alcohol. Samples were deposited in the tissue collection of the Alexander von Humboldt Institute in Colombia.
Before DNA extraction, root pieces were left to dry for 1 h in a flow chamber. For extraction, 0.40 mg of each root and 0.20 mg of each leaf were ground in a Qiagen Tissuelyser. Leaf samples were extracted using the Qiagen Dneasy Plant Mini Kit (Qiagen, Venlo, Netherlands). For roots, the Promega Wizzard Kit was used (Promega, Fitchburg) as DNA yields were higher. DNA quality was checked in 1.5% agarose gels, and DNA concentration was standardized using a NanoDrop 1000 Spectrophotometer V3 (Nanodrop Technologies, Wilmington). Almost half of the total amount of collected root samples had to be discarded for low DNA quality or concentration.
Polymerase chain reactions were 25 μL in volume, consisting of the following: 5 μL of DNA (10 ng/μL), 2 μL of trehalose and BSA enriched buffer, 1.5 μL of 25 mM MgCl 2 , 1.5 μL 10 µM primers, 0.3 of 20 mM dNTPs, 0.20 μL of Taq Polymerase (CIAT 2012). Amplifications were carried out in thermocyclers (PTC-100TM) by using the following program: 94 °C (4 min), [94 °C (15 s), annealing temperature °C (15 s), 72 °C (5 min)] for 35 cycles, 72 °C (5 min), 10 °C (∞). A total of 10 microsatellite loci developed for C. alpinum and Ceroxylon sasaimae (Gaitán-Solís 2003) were successfully cross-amplified and used for this study. The list of primers used, their sequence and repeat motif, and the annealing temperature standardized in this study, are all included in Supplementary Appendix 1. Visualization was carried out in polyacrylamide gels (4%), with a total of 30% independent replications, and 2 persons to score the reads.
Data Analysis
Molecular Diversity Estimates
Hardy-Weinberg equilibrium, heterozygote deficiency (H def ), linkage disequilibrium significance tests, null allele frequencies and genotyping errors, were conducted using GENEPOP v 4.2 (Raymond and Rousset 1995; Rousset 2008 ) and the results were included in the Supporting information. Standard molecular diversity indices were estimated in ARLEQUIN v 3.5.1.2 (Excoffier et al. 2007) , including the number of alleles, the allelic range, and the observed and expected heterozygosity. This program was also used to estimate overall haplotype frequencies, and the Garza-Williamson Indices (first: Garza and Williamson 2001, and modified version: Excoffier et al. 2007 ). Statistical differences of the molecular diversity between pairs of populations were tested through Tukey tests of across-loci mean pairwise differences in the R package v 3.0.0.
Genetic Structure of Populations
Genetic structure was tested through pairwise genetic distances (F ST and G ST statistics), AMOVA, and by exact tests of population differentiation by detecting nonrandom distribution of genotypes among populations in a maximum likelihood framework under the hypothesis of panmixia, implemented in Arlequin v 3.5.1.2 (Excoffier et al. 2007 ). The whole data set was analyzed in STRUCTURE v 2.3.4 (Pritchard et al. 2000) to infer the most likely number of clusters/ populations (k = 1.16, replicates = 500 000, burnin = 1 000 000, 10 replicates for eack k). Results were summarized in STRUCTURE HARVESTER v0.6.93 software (Earl and vonHoldt 2012) . Clusters of different runs were permuted in CLUMPP v 1.1.2 (Jakobsson and Rosenberg 2007) , and a visual output was generated in DISTRUCT v 1.1 (Rosenberg 2004) .
Historical patterns of gene flow were assessed in MIGRATE-N (Beerli 2006) . This program uses coalescent theory in a maximum likelihood or Bayesian framework to estimate effective population size (θ) and migration rate (M). Both θ and M are scaled by mutation rate (μ). It is furthermore an assumption of the method that effective population size and migration rate are relatively stable over a longtime scale. We estimated θ and M under the Bayesian framework (upper bounds = 100), and a Brownian motion model of mutation for microsatellites. One long chain was run for 15 × 10 5 iterations with updates at frequency = 0.5, and burnin = 10 000. Uniform distributions were set for the priors. Since we sought to assess historical migration patterns, in this analysis age classes were merged, and Putumayo removed (sample too small, N = 5). Therefore, a total of 9 populations were analyzed.
Effective Population Size (N e ) of Populations
Effective population size was estimated for all populations except Putumayo using a linkage disequilibrium method implemented in the software LDNE v (Waples and Do 2008) . In a first analysis, the adults and seedling samples from Tolima and Antioquia (Colombia) were analyzed separately even though they belonged to the same site. Given the long life cycle of wax palms, age class division intended to provide an estimate of N e at the time of recruitment. For adults, recruitment was more than one century ago, when deforestation was very recent or had not yet taken place, whereas for seedlings, recruitment happened 1-3 years before the time of collection (year 2011), a time when deforestation at these sites was already massive (see a description of Tolima in Sanín et al. 2013) . In a second run, these 2 age classes were merged to estimate if N p (number of parents) greatly differed from N e as estimated from 2 different cohorts, and accounting for overlapping generations.
An alternative measure of N e , albeit a historical long-term estimate, was indirectly obtained by scaling the theta values obtained in Migrate-N with 3 estimated microsatellite mutation rates from the literature, μ = 0.0001 (Pine: Kuchma et al. 2011 ) and μ = 0.0006 (wheat: Thuillet et al. 2002) , and μ = 0.005 (maize: Vigouroux et al. 2002) .
Testing for Genetic Bottlenecks
The program BOTTLENECK v 1.2.02 (Piry et al. 1999 ) was used to detect recent bottlenecks in all the 12 studied populations (including age class divisions into different populations), by estimating shifts from mutation-drift equilibrium, essentially manifesting itself by a higher expected heterozygosity, H e , than would be expected given the number of alleles and a specified mutation model. The twophase model (TPM) was chosen as it better adjust to the increment in frequency of multistep mutations expected for microsatellites (Sainudiin et al. 2004 ). All 4 tests were performed, the sign test, the standardized difference test, and the Wilcoxon 1-and 2-tail tests for Heterozygote excess.
The Garza-Williamson Index (GWI1), which measures the ratio of the observed number of alleles relative to the total number of possible allelic states at the locus over the allelic range, was also used to detect bottlenecks. Since bottlenecks usually reduce more the number of alleles than the allelic range, the index tends to be smaller in populations that recently went through a bottleneck (Garza and Williamson 2001) . The modified Garza Williamson Index (GWI2) corrects for possible divisions by zero in monomorphic populations, by adding one to the denominator (Excoffier et al. 2007 ). The names indicated by bold will be used throughout the text to refer to the population.
Colonization Scenario Evaluation Under Approximate Bayesian Computation
In order to assess a historical colonization process throughout the latitudinal gradient covered by the species complex, colonization scenarios were tested using approximate Bayesian computation (ABC) implemented in DIYABC 2.0 (Cornuet et al. 2008 (Cornuet et al. , 2014 . ABC is a family of statistical techniques for inference in cases where numerical evaluation of the likelihood is difficult or intractable, ruling out standard maximum likelihood and Bayesian techniques (Nunes and Prangle 2015) . We chose to keep the varNe (population size variation), split (population admixture), and sample (time when samples were retrieved from population) parameters constant, to simplify our hypotheses. Therefore, we varied the merge parameter, which estimates population divergence under a coalescence approach.
Variations consisted of contrasting sequences of population divergence following 4 phylogeographical hypotheses (described bellow). We simulated 100 000 data sets for each analysis and obtained 500 direct measures of posterior probability. Time was set to augment steadily (t 0 < t 1 < t 2 < t 3 ), and uniform distributions were set for the priors. We used posterior probabilities of scenarios as the statistics reflecting the best-fit phylogeographical pattern. We conducted 2 separate analyses: in the first one we evaluated the posterior probabilities of 3 contrasting population divergence scenarios, as follows: (1 The scenarios (set as models) are illustrated in Figure 5a , b.
Results
Molecular Diversity
Allelic diversity in terms of number of alleles (A) was highest in Amazonas, Bolivar, Tolima seedlings, and Quindio. Allelic range (AR) was the widest in Tolima seedlings, followed by Antioquia seedlings and Bolivar. The Garza Williamson Indices were lowest in the populations of the north (Aragua, Sierra Nevada de Santa Marta, and Merida), as was the expected heterozygosity (H e ), significantly lower in Aragua compared to all populations except Amazonas and Sierra Nevada de Santa Marta (Figure 2 , Supplementary Appendix 2). Within the central and southern populations, H e was higher in Tolima Adults than in Tolima seedlings, however, this difference was not significant, and relatively high in Quindio and Amazonas. Heterozygote deficiency (H def ) significance for each locus and population is noted in Supplementary Appendix 3. H def was common in populations; where tests were applicable (meaning the locus was polymorphic in the populations, across loci), an average 62% of the populations were H def across populations, an average of 61% loci were H def ), with Quindio, Bolivar, and Aragua exhibiting the greatest H def , and Aragua, Merida and Sierra Nevada de Santa Marta the highest number of monomorphic loci. The inbreeding coefficient, F IS , was higher in both seedling populations than in their corresponding adult populations (Supplementary Appendix 2) .
Although statistical differences were mostly detected between Aragua and the rest of the populations, there is a general tendency of decline in molecular diversity toward the north of the distribution (Figure 2 ) for all indicators except the Garza Williamson (unmodified index) which is affected by the great number of monomorphic loci in the north of the distribution (30% in S.N.S. Marta and Merida, and 60% in Aragua). When combining these variables in multivariate space, the same pattern was observed, especially along PCA 1, representing the direct estimates of molecular diversity (A, AR H e , H o ) ( Table 2) .
Effective Population Size (N e ) Estimates and Genetic Bottlenecks N e estimations in LDNe were not possible in most cases, as they yielded infinite values. This means infinity was included in the confidence intervals of the N e estimates, generally indicating that there is no evidence for any disequilibrium caused by genetic drift that cannot be explained by sampling error. Also, μ-scaled N e estimates were obtained from Migrate-N under 3 different empirical mutation rate estimates. Under μ = 0.0006, all populations except one had N e < 700. When LDNe (current) N e estimates could be obtained, they were always smaller than historical μ-scaled (μ = 0.0006) N e estimates (Supplementary Appendix 4).
Bottlenecks were detected under both tests in all populations except in Antioquia Seedlings (Supplementary Appendix 5, population in grey). Interestingly, in the adults of Antioquia a bottleneck was detected with low P-values. The Garza-Williamson Indices point at similar results, by decreasing in northern populations to values close to zero. The GW indices are also lower in adult than in seedling populations of both localities, as suggested by BOTTLENECK estimates. The Wilcoxon 1-tailed test in BOTTLENECK is close to one in all populations, indicating that there is no heterozygote excess in the populations studied.
Genetic Structure of Populations
Highly significant genetic structure was found among all populations, as suggested by both the very high F ST estimates (Supplementary Appendix 6) and the distinct grouping of populations using STRUCTURE (Figure 3 ). This indicates a high degree of reproductive isolation and the near absence of potentially admixed individuals (as seen in the STRUCTURE profile) suggests that recent gene flow has not occurred. Antioquia seedlings only slightly clustered with Antioquia adults, Tolima adults, and Santander, decreasing the initial 11 populations to an optimal of K = 8, with a suboptimal peak of k = 11 (for full likelihood profile of K values see Supplementary Figure S1 ).
Historical Migration Between Populations of the Clade
Long distance historical migration is highest from (a) the northern populations of Aragua and Merida, and (b) from the southern populations of Bolivar and Amazonas to (both a and b) the central and western cordilleras of Colombia (Tolima and Antioquia) (Supplementary Appendix 7, Figure 4) . Historical migration between Aragua and Merida and between southern populations (Bolivar and Amazonas) is not as important as migration from these, to the Cordilleras of Colombia. As expected, historical migration is very important between the populations located on both slopes of the Central Cordillera of Colombia (Quindio and Tolima). Antioquia, on the Western Cordillera, received important immigration from Merida, Santander, and Sierra Nevada de Santa Marta. The migration rate from Bolivar to Amazonas was higher than in the other direction, but still relatively low. Migration from these populations to Colombia follows the slope: Tolima, on the Eastern slope receives migrants from Amazonas, and Antioquia in the Western Cordillera receives migrants from Bolivar.
Colonization Scenario Evaluation Under Approximate Bayesian Computation
The first test sought to explore if the south to north diversification pattern (phylogenetic pattern for the genus) was more likely than an opposite scenario (north to south), and if either were more likely than a random one. "North to south" was equally likely than the random scenario, and "south to north" was more likely than both (Figure 5a ). Therefore, "south to north" was kept as a best scenario to compare with the "north and south to center scenario" suggested by the migration estimates from Migrate-N. The second analysis, showed that the general "south to north scenario" was less likely than a "south and north to center scenario," under the selected parameters. Thus, it confirmed the overall pattern suggested by the migration estimates (Figure 5b ). The number of generations occurring at each divergence time at the last step of the chain for scenarios 1 and 2 is provided in Supplementary Appendix 12 of the supporting information. 
Discussion
Studying the largest standing populations throughout the latitudinal range of the C. quindiuense complex provided valuable evolutionary information at 2 levels that we will discuss in the following sections. The first one relates to recent processes that affect the distribution of diversity and ultimately the conservation of these endangered species. The second one highlights historical phylogeographical processes that shaped the actual distribution of diversity.
Genetic Diversity and Conservation
The high percentage of heterozygote deficient populations agrees with previous findings in other species of Ceroxylon, such as C. alpinum, C. sasaimae (Gaitán-Solís 2003) , and Ceroxylon echinulatum (Trénel et al. 2008) . Deviation from Hardy-Weinberg expectations was expected in these species, as it has been the case for all the other species in this genus in which this set of microsatellites has been studied (Gaitán-Solís 2003; Trénel et al. 2008) . Heterozygote deficiency in natural populations has been attributed to several causes: Figure 3 . Structure profile under k = 8, permuted in CLUMPP and drawn in DISTRUCT; at top, the species assigned to the populations, following Sanín and Galeano (2011) ; at bottom, name of population localities, with country in parentheses (see Table 1 for details) (for full colors, see online version). populations presenting internal structuring (Wahlund 1928) , selection against heterozygotes, inbreeding (Sun and Salomon 2003) . In the case of C. quindiuense, a microgeographical Wahlund effect, the loss or reduction of heterozygosity in a population due to subpopulation structure, appears likely. Intrapopulation structuring could be caused by seed germination often occurring at the base of the female plant . In undisturbed habitat, mammals, birds, and other seed dispersers would be expected to shuffle seeds within the forest (Sezen et al. 2007) , although there would ultimately be a limit to dispersal distance. Moreover, all of the populations studied are disturbed and partially deforested, and its associated fauna is expected to have suffered significant impoverishment. Also, pollination in Ceroxylon is carried out by beetles, namely by Mystropines (Kirejtshuk and Couturier 2009 ). These insects' quest for a next inflorescence is distance-dependent, because attraction is driven by flower scent (Knudsen et al. 2001) . A scenario where kins are recruited near a female plant, in small sections of the forest due to the absence of dispersers, and in which they then cross due to the limited flight range of pollinators, is highly plausible.
Significant positive F IS , indicating an inbreeding effect due to short dispersal of offspring from adults appeared in at least one and in up to all loci in all populations studied. Interestingly, at the sites with different age cohorts, the seedlings of Tolima and Antioquia presented higher F IS than their corresponding adult populations. Conversely, genetic bottlenecks were detected in both the adult populations (and not in Antioquia seedlings). Both Tolima and Antioquia suffered from main deforestation during the early 1900s, during a landscape transformation process called the Paisa Colonization (Parsons 1949) . Given that these species take an average of 83 years to become adults , and bearing in mind that sampled roots came from relatively young (short) adults (where root tissues were still fresh), the adult individuals included in the study were most likely recruited during or after the main deforestation in the area. Both areas have been left to partially regenerate after main deforestation (see Sanín et al. 2013 for full description of Tolima), and many seedlings and juveniles were found at each of the 2 sites. Therefore, what is probably being evidenced with the loci studied is a post-bottleneck founder effect, where many seedlings are being recruited from a limited number of adults that survived massive deforestation.
A postcolonial bottleneck scenario is supported by the higher H e values in adults than in seedlings, and the small effective size estimates, suggesting that most populations are under safe limits (i.e., endangered). The higher H e values in adults than in seedlings suggest that a decline leaving a genetic footprint has occurred over this time period (Cornuet and Luikart 1996) . On the other hand, contemporary N e could not be unambiguously estimated using the linkage disequilibrium method, presumably due to a too low signal: noise ratio caused by relatively low sample sizes. Nonetheless, several authors (Reed et al. 2003; Rai 2003) , including those who allege for a pragmatic settlement of conservation targets (Traill et al. 2010 ), coincide at advocating that N e values below 500 individuals pose significant threats to long-term population persistence. Given that these species consist of populations with differentiated, isolated gene pools (Figure 3) , the extinction of one population would potentially entail the loss of an evolutionary unit.
Phylogeographical Patterns
In the species complex studied, we expect population isolation to be incomplete, or inter-population migration to be at least traceable in time. Therefore, we aimed at testing if genetic diversity followed a pattern along the Andean corridor. Populations at present were highly structured spatially, as found in other palms in the Andes (C. echinulatum: Trénel et al. 2008) and in the Atlantic Forest (Euterpe edulis: Cardoso et al. 2000) , a pattern that can be explained by historical fragmentation of their ecosystems .
In addition to the clear spatial structure, a geographical pattern of genetic diversity was evident. For all included measures, diversity was high in the south, peaked at the cordilleras of Colombia, and decreased in the North. What evolutionary mechanisms explain this pattern? In the case of C. quindiuense, as shown in other Neotropical species (see Miller et al. 2010 for a full description in birds), 2 patterns interact: a geographical diversity gradient in response of population divergence history, and a center of the range effect in response of population demographic history. The geographical gradient depicts an overall increase in species diversity from south to north, at the genus level and also in the complex studied. The central to periphery pattern describes the general distribution of diversity across a species range allegedly caused by higher demographic stability at the center. These patterns have repercussions over 2 aspects of demography that affect genetic diversity: local extinction rates, and genetic drift, explaining the drop in genetic diversity and increase in monomorphic loci in the northernmost populations (S.N.S. Marta and Aragua). Ecological suitability is increasingly limited and extinguishes on the Venezuelan slopes and at the Sierra Nevada de Santa Marta, where the Andes meet the sea.
Low extinction rates and genetic drift are both maintained by increased immigration rates. Thus, the comparatively high historical migration rates to the central and Western cordilleras of Colombia are in agreement with the diversity gradient discovered. The biological explanaition for a species and population diversity pattern to hold is probably the fact that population persistence allows both for species divergence to occur, and for populations to maintain diversity. This also highlights that population or local extinction in such isolated populations probably pays a high toll on general species diversity by precluding from the time needed for speciation. However, what has allowed these populations to be stable in time and serve as immigration recipients is an interesting biogeographical issue to address. The cordilleras of Colombia have had relatively stable, moist, climatic conditions since 350 000 years before present, supported by the presence of modern analogs of Andean moist forests (Van't Veer and Hooghiemstra 2000), which are commonly found today in the same habitat with C. quindiuense. Several periods of cooling, including the last glacial maximum at 20 000 years BP, are considered to have caused a general descent in the elevation of Andean forest of ca. 500 m ( Van't Veer and Hooghiemstra 2000) , that did not compromise their persistence (Cárdenas et al. 2011) . The Western and Central Cordilleras of Colombia are spatially close, possibly allowing for occasional trans-Andean migration. Furthermore, the altitudinal belt corresponding to cloud forests of the Central Cordillera form a continuous corridor of ecologically homogeneous conditions that stretches for 380 km. Although it is now heavily disturbed and fragmented , before colonization times it could harbor an extended forest where big populations of C. quindiuense could develop.
Instead, Amazonas and Bolivar in the south of the distribution are separated by the Huancabamba deflection. Locally, Chillanes in Ecuador is isolated by dry inter-Andean valleys to the north and south along the Western slope. Amazonas in Peru is isolated by the dry Utcubamba Valley to the Northwest. To the southeast of Amazonas, palm diversity survey is still incipient, and a more complete sampling of this area could ideally reveal a more detailed understanding of how populations have diverged in the south. At the North, the Venezuelan Andes and the Eastern Cordillera of Colombia are climatically discontinuous, with dry enclaves scattered throughout Boyacá and Santander in Colombia, and Táchira, Merida, Trujillo, and Lara in Venezuela, where Ceroxylon species do not thrive. To the north of Aragua, the Andes meet the end of a Blind alley: the Caribbean Sea. Thus, climatic continuity of the Central and Western Cordilleras of Colombia in contrast to the periphery may be an underlying cause of the central-periphery diversity pattern observed in C. quindiuense. If this pattern occurs in other species along the tropical Andes is an issue that has not been assessed.
This pattern, however, does not indicate that C. quindiuense originated in Colombia, from which southern populations derived. The distribution of the ancestor of the C. quindiuense complex could have originated in Peru, and migrated north to expand its range until reaching the northernmost tip of the Andes. Indeed, this pattern is supported by our Bayesian scenario tests, in which Amazonas and Bolivar are considered the first populations to have diverged from the rest. Given that the Eastern Cordillera of Colombia and Venezuelan Andes attained their actual elevation, very recently, at ca. 2 million years BP, Gregory-Wodzicki 2000), a northern origin of the clade is unlikely. By migrating northwards from Peru, and establishing throughout a wide latitudinal range, this complex concentrated migration in the Colombian cordilleras. Therefore, the clade conforms to the phylogenetic pattern suggested for the genus, but reveals a more complex process in which the Andes have allowed only partial walks up and down the Andes alley.
In view of the observed patterns, conservation efforts toward the preservation of Ceroxylon diversity would have to focus on 1) allowing populations to expand, to make isolation less threatening, 2) protecting local dispersers that shuffle seeds within populations, 3) protecting adults, which have the potential to expand populations, and 4) ensuring that the newly recruited seedlings, which harbor great genetic diversity, continue to grow. Therefore, the narrow areas where these populations thrive should be protected from deforestation and grazing to ensure both that adults and seedlings survive, and that effective populations sizes can grow.
Conclusions
Populations of C. quindiuense, C. ventricosum, and C. ceriferum suffer the consequences of genetic isolation that results both from their phylogeographical history, and the present-day conservation state of their habitat. A marked Wahlund effect at the population level, suggests that efforts should concentrate on expanding the suitable habitat for populations, and protecting all seed dispersers that help shuffle the gene pool. A general pattern of south-to-center and northto-center population diversification suggests that the cordilleras of Colombia have served as historical recipients of gene flow occurring only scantly along the northern Andes and that the populations at the center of the range have probably been more stable. Populations at the extremes of the region, especially at the north where the mountains meet the Caribbean Sea, exhibit all conditions of peripheral populations facing a blind alley where the colonization walk ends.
